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Abstract
We investigate the optomechanical interaction between light and
metallic nanowires through the action of bolometric forces. We show
that the response time of the photothermal forces induced on the
nanowire is fast and the strength of the interaction can overcome the
radiation pressure force. Furthermore, we suggest the photothermal
forces can be enhanced by surface plasmon excitation to cool the sub-
megahertz vibrational modes of the nanowires close to its quantum
limit.
1 Introduction
Micro- and nanoscale oscillators have attracted significant attention for sens-
ing applications thanks to their small masses and therefore an extreme sen-
sitivity to the external drives [1]. To date, nanomechanical devices are
used to perform ultra-sensitive measurements of, for example, biological
material properties [2], mass sensing at the level of single particles and
molecules [3, 4, 5, 6], and sub-attonewton force sensing [7]. Other fields
benefitting from the incredible resolution of nanomechanical sensors include
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accelerometry [8], charge sensing [9], and magnetometry, with tremendous
implications for three-dimensional imaging thanks to the resolution at the
level of a single electronic spin [10]. With interest growing in several areas,
and the availability of faster, cheaper, and more precise fabrication tech-
niques, nanoscopic probes are now established for ultra-fast, high-precision
sensing in a variety of applications [11].
To push beyond the classical boundaries of sensitivity, the sensors need
to operate in the quantum regime. The major challenge is usually rep-
resented by the coupling of the system with a thermal environment that
hides or even destroys the quantum characteristics of the object. A careful
control of the interaction between the sensor and its thermal bath is the
key to observing quantum behaviour, especially in the case of mesoscopic
objects. Optomechanical systems have been considered recently as viable
platforms for revealing the quantum nature of mechanical oscillators at the
mesoscale [12, 13, 14]. Optomechanics allows the coherent and controllable
exchange of photonic and phononic excitations and presents a viable option
for the neutralization of the incoherent thermal drive of the oscillator. The
collective motion of billions of atoms can be regulated by laser light to re-
veal the quantum properties of the mechanical system. This optomechanics-
induced control has been proven to expose the quantum nature of the oscil-
lators by cooling nanomechanical resonators to their quantum ground state
(QGS) [15, 16, 17], by generating optomechanical squeezing [18, 19, 20], and
by achieving quantum state transfer between hybrid systems [14, 21].
The first requirement for achieving pure quantum mechanical states of
motion is that the mode of vibration be cooled into the QGS by extracting
all the energy from the phononic mode and by providing adequate isola-
tion from environmental decoherence. It is, therefore, crucial to be able to
control [22] and characterize the mechanical motion at a level below Heisen-
berg’s uncertainty limit [23]. The first QGS cooling experiment was per-
formed on a nano-oscillator with a mechanical frequency of 6 GHz [15]. A
general condition for the achievement of the QGS is that the optomechan-
ical system exhibit ultra-high optical and mechanical quality factors. One
of the present challenges in the field of cavity optomechanics is to cool the
modes of mechanical resonators with smaller frequencies of oscillations to
the quantum regime as it entails the fabrication of devices that are not easily
accessible with the current technology. For example, the linewidth of the
optical resonator might be required on the order of kilohertz or lower. Even
if such narrow-band resonators were attained, the interaction bandwidth
would be extremely reduced as a result. Very recently, it was proposed that
the quantum regime of a specially designed high-stress silicon nitride mem-
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brane with sub-megahertz vibration frequency can in principle be reached
thanks to the remarkably low mechanical dissipation in such structures [24].
In this paper, we study an alternative and unconventional approach to
the cooling of an oscillator with sub-megahertz vibrational frequencies near
the QGS. We suggest the use of metallic nanowires driven by photother-
mal forces [25, 26], which can be subject to the excitation of plasmonic
modes to amplify the interaction between the optical and the mechanical
modes. The enhanced photothermal forces can be used to effectively cool
nano-sensors without the need for cavity sideband cooling. The tight-light
confinement beyond the diffraction limit provided by plasmonic resonances
thus enables strong and broadband optomechanical interaction which can
be used to probe the quantum limits of photothermal cooling [27, 28].
2 Metallic nanowires as mechanical oscillators
The investigations on methods to boost the force sensitivity of nano-probes
discussed throughout this paper involve the use of commercial crystalline
nanowires1. Each nanowire is grown coaxially at the extremity of a tungsten
needle, by a process that involves dipping of the silver-coated tip of the
needle into a droplet of liquid gallium at room temperature. Slow retraction
of the tip from the droplet allows the two metals to alloy into a long, uniform
rod of Ag2Ga crystallites [29] (cf. Fig. 1).
Similar nanowires have been used to quantify the surface tension, the
viscosity, and other properties of fluids at the microscopic level [30], and to
perform high-precision subsurface characterization of nano-structures with
high dielectric constants [31]. Visual force sensing was also demonstrated by
directly monitoring their buckling deformations [32]. In biology, they have
been considered for the detection of edge-binding effects in proteins [33]. In
most applications, however, the quality of the measurements in ordinary op-
erating environments is compromised by the thermally induced vibrations of
the nanowires. The laser cooling method described here can boost the sensi-
tivity of the nanowires during the transient dynamics of the oscillations [34].
The self-assembled Ag2Ga nanowires have a relatively wide range of
specifications, summarized in Table 1. They range in size between 20 and
60µm in length and between 50 and 200 nm in diameter. To push up the
detection efficiency of their vibrational modes, which depends on the light
scattered from their surface, a number of specimens were coated with about
50 nm of gold.
1NN-NCL from NaugaNeedles LLC [http://nauganeedles.com/]
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Figure 1: Images of a nanowire, obtained by scanning electron microscopy. The
images in the insets show close-ups of the nanowire structure along the shaft
and at the tip.
The quality factor Q determines the capability of the system to store
energy into the oscillations. It is defined as the ratio of the total energy
divided by the energy lost over one cycle. Generally, the quality factor
is strongly influenced by a variety of elements, such as thermoelastic and
mechanical properties of the oscillator and its support, and the viscosity
of the surrounding medium. For a mechanical oscillator where intrinsic
mechanical damping and air viscosity are the main factors contributing to
the dissipation, the quality factor Q can be expressed as
Q =
(
Q−1m +Q−1air
)−1
, (1)
where Qm = ωm/γm and Qair = ωm/γair are the ratio of the oscillator’s
eigenfrequency and the damping rate due to the intrinsic mechanical losses
or due to the air, respectively. The contribution of air viscosity in ordinary
Quantity Value
Length 20–60 µm
Diameter 50–200 nm (coated: 90–500 nm)
Density 8960 kg m−3
Mass 1–70 pg (coated: 4–150 pg)
Oscillation frequency 20–500 kHz (fundamental)
Stiffness 0.1–10 mN m−1 (fundamental)
Elastic modulus ≈ 100 GPa
Damping rate 0.5–0.9 kHz (in air: ≈ 10 kHz)
Table 1: Typical characteristics of the Ag2Ga nanowires used in the experi-
ments.
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Figure 2: Time-domain measurement of the relaxation rate of a nanowire in air.
The nanowire (≈ 50µm long, ≈ 300 nm thick) is subject to a thermally induced
deflection until t = 0, at which point the amplitude of the deflection undergoes
exponential decay to the original state. The high-frequency fluctuations on
top of the decay represent oscillations at the mechanical frequency. For this
specimen the rate obtained by exponential fit of the moving average (solid blue
line) is 7.6(4) kHz.
atmospheric conditions is typically dominating for most high-quality res-
onators [35], saturating the quality factor to a value that can be estimated
by
Q
(atm)
air =
2α2
µairCdl2
√
ρAY I, (2)
where l is the length of the cylinder, A is the cross-sectional area, ρ is
the density, Y is the elastic modulus, I is the areal moment, α is a mode-
dependent coefficient which is respectively equal to 1.87510 and 4.69409 for
the first two eigenmodes [36], µair is the dynamic viscosity of air, and Cd is
the drag coefficient, a function of the Reynolds number and of the oscillator’s
geometry. By transferring the oscillator into vacuum, the lower density of
air molecules is such that they interact with the system without further
collisions amongst each other. As more air is pumped out, background gas
collisions decrease and the quality factor becomes inversely proportional to
the pressure P [37]:
Q
(vac)
air =
√
pi
2
RT
Mair
α2r
2l2
√
ρ Y I
A
1
P
, (3)
where R is the universal gas constant, T the temperature, andMair the molar
mass of air. The quality factor cannot be increased arbitrarily, however. At
some point further reduction of background gas collisions will have little
5
10510410310-4
1000500
10050
10 Air pressure (Pa)
푄 푄m 푄air(vac)
푄air(atm)
Figure 3: Quality factor of two different oscillation modes in air and in vac-
uum conditions. The circles correspond to the quality factor obtained by
dividing the first two eigenfrequencies of the nanowire by the corresponding
damping rates, empirically measured to be ≈ 10 kHz in air and ≈ 0.8 kHz in
high vacuum for a nanowire with similar eigenfrequencies. The solid lines indi-
cate the quality factor, dominated by air dissipation, which is expected by the
model for a nanowire at room temperature (T = 300 K) with elastic modulus
Y = 85 GPa, density ρ = 8960 kg m−3, diameter 2r = 200 nm, and length
l = 40µm. The molar mass used in the model in the high-pressure regime
is Mair = 28.97× 10−3 kg mol−1, and the air viscosity required in the high-
pressure regime is µair = 1.8× 10−5 Pa s. The drag coefficient Cd, estimated
to be between 1 and 10 for a cylinder with Reynolds number around unity, was
fitted to a value of 2.0. The transition between the regime of individual gas
collisions and viscous dynamics is, for these parameters, around 10.5 kPa. The
intrinsic mechanical dissipation takes over at pressures lower than one kilopascal.
or no effect, as other intrinsic damping attributes prevail. As these are
often specific to the manufacturing process or other details not always easily
accessible [37, 1], it is hard to predict what is the highest quality factor
achievable by the apparatus without a direct measurement. The decay rates
of the thermally excited oscillations of the nanowires in air, measured from
the linewidth of the resonances on the spectrum analyser, was observed to
be around 10 kHz due to the interaction with gas molecules (cf. Fig. 2).
This corresponds to quality factors of up to 50 for the fundamental modes.
Insertion of the nanowires in a vacuum chamber reduced the damping rates
to less than 1 kHz, pushing the quality factors to 500 or more (cf. Fig. 3).
When operating in vacuum, the damping rate of the nanowires was inferred
from the time domain evolution of the oscillations to overcome the limit in
resolution bandwidth of the spectrum analyser. The chamber was operated
in high-vacuum conditions at pressures of 10−4 Pa or lower to avoid air
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having any role in the damping mechanism.
3 Scattering and detection
Optical measurements play an important role in the detection of small move-
ments of the nanostructures. Light confinement is important to enhance the
read-out efficiency. Nanophotonic crystal waveguides [38] and cavities [39]
are widely used in applications that require a tight confinement of the op-
tical mode. Very recently, it was demonstrated that a coupling efficiency
for spontaneous emission exceeding 85 % can be achieved when a single car-
bon nanotube is coupled to a silicon photonic crystal nanobeam cavity with
an ultra-low mode volume [40]. Coupling of this strength significantly im-
proves light-matter interactions and enables precise control and read-out,
crucial qualities for quantum information and sensing. The light confine-
ment in these systems is however limited by diffraction, which prevents
sub-wavelength confinement in the nanophotonic structures. When dealing
with objects of 100 nm in radius, effects at the sub-wavelength scale become
a significant and inherent part of the system. In this regime radiation pres-
sure is dominated by scattering forces, leading to losses and decreasing the
capacity of interaction with the oscillator.
To model the scattering of the metallic nanowires, we follow Mie scatter-
ing theory for a sub-wavelength cylinder [41]. The solutions are expressed
in terms of infinite series of the scattering coefficients {cn}n∈N, whose value
strongly depends on the geometry and refractive index of the object as well
as the polarization and the angle of incidence of the field. Notably, any
display of absorption is derived from a propagation of the imaginary part of
the complex refractive index of the material. We limit our analysis to the
case of light normally incident to the axis of the nanowire, with beam width
W much larger than the cross-sectional dimensions, i.e. W  r with r being
the radius of the cylinder. The angular distribution of the scattered field is
Esca(φ) =
√
2
piξ
ei(
3pi
4 +ξ)T (φ)Ein, (4)
where φ is the polar angle, ξ = 2pir/λ is a dimensionless ratio between the
characteristic length of the object and the wavelength, and Ein is simply
the input field. The dependence on the refractive index of the object is im-
plicit in the transfer coefficient T (φ), which is determined by the scattering
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coefficients as
T (φ) = c0 + 2
+∞∑
n=1
cn cos(n (pi − φ)). (5)
The extinction, scattering, and absorption efficiencies, equivalent to the ratio
between the effective cross section of each process and the cross-sectional
area of the target, are also calculable from the scattering coefficients. They
are
qext =
2
ξ
(
<(c0) + 2
+∞∑
n=1
<(cn)
)
, (6)
qsca =
2
ξ
(
|c0|2 + 2
+∞∑
n=1
|cn|2
)
, (7)
qabs = qext − qsca. (8)
It should be specified that, despite their name, these efficiencies are not
bound to unity in Mie scattering theory. As a matter of fact, in many
examples the light scattered or absorbed is more than that geometrically
incident on the object [41]. The efficiencies are needed to infer the amount
of radiation pressure force contributing to each process [42]. We have that
the scattering and absorption components of radiation pressure force are
respectively
Fsca =
qscaPin
c
, (9)
Fabs =
qabsPin
c
, (10)
in terms of the incident power Pin, which is calculated by integrating the
intensity of the beam over the irradiated cross-sectional area of the cylinder
projected onto the plane perpendicular to the propagation of the field [43].
The scattering coefficients are the only elements needed to calculate all of
these quantities that are still unspecified. The reason lies in the fact that
their definition differs depending on whether the polarization of the field is
parallel or perpendicular to the cylinder’s axis:
cn =

Jn(νξ)J ′n(ξ)− νJ ′n(νξ)Jn(ξ)
Jn(νξ)H1′n (ξ)− νJ ′n(νξ)H1n(ξ)
for parallel polarization,
νJn(νξ)J ′n(ξ)− J ′n(νξ)Jn(ξ)
νJn(νξ)H1′n (ξ)− J ′n(νξ)H1n(ξ)
for perpendicular polarization.
(11)
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Here, ν = nnw/n0 is the ratio between the refractive index of the cylin-
drical nanowire, nnw, and the one of the surrounding medium, n0. The
functions {Jn}n∈N are the Bessel functions of the first kind and
{
H1n
}
n∈N
are the Hankel functions of the first kind. The prime indicates differentia-
tion relative to the full argument of the relative function. The derivatives
for both classes of functions can be easily computed as the halved differ-
ence of the involved functions with preceding and succeeding indices, e.g.
J ′n(x) = (Jn−1(x)− Jn+1(x)) /2. For any other polarization the result is
obtained by the appropriate linear combination of the different coefficients.
The results from this model are presented in Fig. 4 for a field with verti-
cal polarization and in Fig. 5 for a field with horizontal polarization. Since
the optical properties of Ag2Ga are not very well known [42], all calculations
have been performed for a gold-coated nanowire, under the assumption that
the effects due to the presence of a different substance at the core could be
ignored. These results are only meant for a qualitative analysis aimed at
obtaining an order-of-magnitude estimate of the scattering forces and under-
standing the main directions of the scattered light. The spatial distribution
of the scattered field shows a predisposition for backward-scattering, though
with quite a wide angle. This is particularly prominent for vertically polar-
ized light, but it holds generally true in other cases as well. It should not
be surprising, then, that the most effective procedure for optical detection
uses light ‘reflected’ back from the nanowire, although the potential for this
(or any other) technique is limited by the aperture and light collecting abil-
ity of the setup. Alternatively, one could resort to the ‘transmission’ line
instead, looking at the information obtainable from the absence of light in
the form of the modulation of the diffracted shadow. Whilst less efficient,
this method is not incompatible with the previous one and may be carried
out concurrently. As we will see in more detail in the next paragraph, the
two detection methods actually address different modes, corresponding to
oscillations along orthogonal directions. Looking at the forces acting on the
nanowire from Fig. 4a and Fig. 5a, we see that independently of wavelength
or polarization the direct absorption forces are a couple of orders of mag-
nitude smaller than the scattering forces. The model suggests fluctuating
values of the forces depending on the radius of the nanowire (an effect less
obvious for absorption forces due to the logarithmic scale). The positions
and amplitudes of the local minima and maxima depend on the wavelength,
creating situations in which the scattering force is, for example, stronger for
780 nm rather than 1064 nm. Therefore, depending on the geometry of the
nanowire, one wavelength is more suitable for detection while the other is
better for external control, as one applies a weaker back action and the other
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Figure 4: Scattering properties of a nanowire irradiated by a field with polar-
ization parallel to the shaft. The nanowire is assumed to consist entirely of
gold, with refractive index nnw = 0.2 + 4.8i (0.2 + 7.0i) for 780 nm (1064 nm)
light. The refractive index of the medium, n0, is taken to be 1 regardless of
whether the nanowire is in air or in vacuum. (a) Forces due to scattering
(green) and absorption (orange) as a function of the radius of the nanowire,
calculated according to Eq. 9–10. The traces are plotted for a beam of width
W = 10 µm, power of 50 mW, and a wavelength of 780 nm (continuous) or
1064 nm (dashed). (b–c) Angular distribution of the scattered field and its
intensity, as calculated from Eq. 4. The nanowire is placed at the origin and
is assumed to have a radius of 120 nm. The incident light, of wavelength
λ = 780 nm, is approaching from the negative x axis. Its colour is adjusted to
the maximum value of the scale rather than normalized to 1 in order to reveal
the polarization at a glance.
exerts stronger forces. Even though direct absorption forces are relatively
small, the indirect effect of photothermal absorption can have much more
dramatic consequences than radiation pressure. Optically induced thermal
bending of the Au/Ag2Ga bimorph nanowires generates a bolometric force
which is crucial for the interaction. The bolometric forces observed are esti-
mated to be about one hundred times stronger than the radiation pressure
10
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Figure 5: Scattering properties of a nanowire irradiated by a field with polar-
ization normal to the shaft. The parameters used are the same as Fig. 4. (a)
Forces due to scattering (green) and absorption (orange) as a function of the
radius of the nanowire, for a wavelength of 780 nm (continuous) or 1064 nm
(dashed). (b–c) Angular distribution of the scattered field and its intensity, for
incident light of wavelength λ = 780 nm.
forces estimated by the model.
After interaction of the light with the nanowire, the light can be mea-
sured with various methods to obtain information about the nanowire vi-
brations. The modes of the nanowire appear in pairs, corresponding to
the two motional eigenfrequencies in the plane orthogonal to the cylinder’s
axis. The slight difference in frequency of each mode originates from im-
perfections and asymmetries of the nanowire. To detect the vibrations we
use two complementary methods applied to the same probe beam. In one
method, a split photodiode measures the differences of the diffracted shadow
in the transmitted light. Subtracting the photocurrents of the two pixels re-
turns a modulated signal which corresponds to the nanowire fluctuations in
the plane orthogonal to the direction of the light propagation. The other
method, inspired by Doppler vibrometery [44], measures the change in phase
of the light scattered back by the nanowire by comparing it with a refer-
11
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Figure 6: Spectra of the nanowires’ thermal fluctuations. All traces have been
recorded in ambient conditions. (a) Eigenmodes of a nanowire (≈ 60µm long,
≈ 350 nm thick, gold-coated) obtained by interferometry on reflection, once
with heterodyne (dark trace) and once with homodyne (light trace). Between
the two measurements the nanowire may have been repositioned with a slightly
different orientation, accounting for a small variation in the detection ratio of
the two modes, and a permanent change was induced by the use of high power,
slightly shifting both frequencies. The dashed trace follows the modelled dis-
placement spectrum for an oscillator at room temperature with parameters sim-
ilar to the measured ones. (b) Comparison between the two different detection
method: interferometry on reflection (brown) and intensity subtraction from
different pixels on transmission (green). The measurements were performed at
the same time, and the difference in ratio between the peaks is due to the fact
that the two methods have preferential directions of detection. The nanowire
is uncoated, ≈ 40µm in length and ≈ 270 nm in diameter.
ence beam. This interferometric technique, which collects information on
the oscillation along the same direction as the optical axis, proved to be the
most practical and efficient. Choosing homodyne over heterodyne detection
opens the possibility of phase-locking the interferometer, eliminating any
loss of information due to averaging of the beating between the two beams.
The two methods are compared in Fig. 6b.
4 Feedback control
Due to the non-directional Mie scattering from the nanowire, the effective
radiation pressure force on the nanowire is small. The dominant optical
force on the nanowire in our system is the photothermal bolometric force,
estimated to be around one hundred times bigger than the radiation pressure
force. The bolometric force is an indirect consequence of optical absorption,
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Figure 7: Theoretical displacement spectra indicative of feedback cooling, for an
oscillator with quality factor Q = 100. All traces are normalized relative to the
value of the spectrum at resonance and with no feedback, and the measurement
noise is assumed to be 1000 times smaller than the thermally driven fluctuations.
arising from the thermal stress and deformation due to the change in tem-
perature. It is particularly consequential for bimorph structures [45, 46],
where a local increase in temperature induces thermal deflection of different
materials at different rates [47].
While radiation pressure force is almost instantaneous, photothermal
forces are typically slow due to the finite thermal conductivity of bulk ma-
terials. Nanostructures, however, can exhibit significantly faster response
times compared to the bulk structures [48, 49]. Depending on the ra-
dius of the nanowire, r, and the thermal diffusivity, κ, the response time
τc ' r2/(4κ) [50] (required for the central temperature of a local Gaus-
sian temperature distribution to decrease by 50 %) can be as fast as few
nanoseconds. This implies a response faster than the mechanical vibrations,
which are typically slower than one megahertz. The heat generated by the
laser light focused on a small area of the nanowire surface is sufficient to
deflect the entire structure [47] faster than period of one mechanical oscil-
lation. Therefore, modulating the intensity of the laser light can drive or
suppress structural vibrations. The bolometric force may therefore be reli-
ably employed for feedback control purposes. Unintuitively, the fast thermal
response time of the nanowires enables the suppression of thermal fluctua-
tions by thermal excitation.
Directing our attention to the case of purely negative feedback, we can
study the effect of laser-induced damping and cooling of the system. The
effective temperature of a vibrational mode, Teff, is related to the measured
spectral density of the fluctuations by the equipartition theorem. Under the
effects of active control, in the regime of small feedback gains, the effective
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temperature is given by
Teff =
T
1 +G, (12)
where T is the initial temperature of the bath and G is the feedback gain [51,
52]. The feedback force is equivalent to an apparatus that has an effective
damping (1 +G) γm, reducing the thermal excitations. Here, γm is the me-
chanical dissipation rate of the vibrations in the absence of feedback. For
high gain, however, a full treatment of the problem taking into account the
detection noise is required. In that regime, it can be shown [53] that the
mode temperature is
Teff =
T
1 +G +
mω3m
4kBQ
G2
1 +GSfb, (13)
where m, ωm are the effective mass and the oscillation frequency of the
nanowire, kB is the Boltzmann constant and Sfb is the noise floor of the
displacement measurement, which also modulates the nanowire’s motion
through the feedback loop. This result shows that the feedback gain cannot
be turned up indefinitely to reduce the effective temperature [53]. Therefore,
the minimum temperature that can be achieved through feedback cooling
by optimizing the gain depends on the measurement noise as
T
(min)
eff =
√
Tmω3mSfb
kBQ
. (14)
It should be noted that this results from a purely classical argument. To
reach the quantum state of the system with active control, it is fundamental
for the feedback to operate with quantum-limited detection and to propagate
non-classical states [54].
4.1 Experimental results
In this section we describe results of nanowire detection and its photother-
mal cooling. Operations on the nanowires have been performed using a
two-stage scheme: one part for the detection of the thermally driven modes,
one part for the realization of feedback control. The simplified diagram of
Fig. 8 shows how the two different roles are performed by separate lasers.
The requirement for independent sources comes primarily from the necessity
of having the beams co-propagate without interference, and the wavelength
of each laser is, in itself, only a secondary requirement. The absorption and
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Figure 8: Comprehensive scheme of the experiment on the nanowire (NW).
The two optical branches are used for the detection of the thermal motion of
the nanowire (1064 nm) and for the feedback control to suppress the thermal
fluctuations (780 nm). The inset shows a close-up photograph of the tungsten
needle with the nanowire at its tip, between two microscope objective lenses.
scattering properties of the nanowires are, of course, elements that need to
be considered for an appropriate choice of the operating wavelengths. The
detection branch is powered by a 1064 nm beam, while light around 780 nm is
used for the actuation, largely because the nanowire under investigation dis-
played a stronger response in the near infrared and better resistance to high
power at longer wavelengths. The vacuum chamber, where the nanowire
and the two focusing microscope objective lenses are located, is maintained
by an ion pump at pressures of 10−5–10−4 Pa, occasionally observed to go
down to the 10−6 Pa range. A vacuum-compatible nano-positioning stage
is used to allow alignment within the enclosed chamber. In the feedback
branch, control on the nanowire’s motion is realized by an acousto-optic
modulator (AOM) that varies the amplitude of the field and the consequent
back-action on the oscillator. The AOM is driven in real time by a signal
extracted from the detection scheme, after appropriate processing required
to achieve the desired gain and phase for the feedback.
Examples of the spectral response of the nanowire when subject to feed-
back cooling are shown in Fig. 9. Feedback control can cool the nanowire’s
modes both individually and collectively. The practical limits of cold damp-
ing imposed by the measurement noise are reached with single-mode cooling,
and, for high gain, squashing is observed [55] (cf. Fig. 9a). For multi-mode
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Figure 9: Displacement spectra of a nanowire subject to feedback cooling. The
nanowire is ≈ 60 µm in length, ≈ 220 nm in diameter, and is gold coated.
(a) Single-mode cooling. The amplitude of the thermal fluctuations (red) is
suppressed down to the level of the background noise and beyond (blue), giving
rise to squashing in the displacement spectrum. The grey trace indicates the
detection noise in the absence of the nanowire. (b) Multi-mode cooling. The
parameters of the feedback are optimized towards cooling of the mode with the
lowest frequency, although in order to obtain cooling of the higher-order modes
the phase of the feedback cannot be adjusted optimally and more measurement
noise is injected into the system.
cooling, besides the detection efficiency there are further limits set by the
bandwidth of the feedback and more importantly the ability to control its
phase across a wide spectrum of frequencies. The technical constraint to
the bandwidth scales as the inverse of the characteristic response time τth,
and is not found to be significant relative to the nanowire’s modes. On
the other hand, the feedback phase needs to be precisely tuned in order to
achieve pure damping. Fine adjustments are only possible over a relatively
small frequency range, and pushing more than one mode to the coldest tem-
perature at the same time would only be feasible with the introduction of
more advanced controls. Nevertheless, as Fig. 9b shows, the feedback imple-
mented is capable of cooling simultaneously modes spanning up to 2 MHz.
Figure 10 shows the temperature of the fundamental oscillation modes
of the nanowire as a function of the feedback gain applied to cool the ther-
mal vibrations. The results vary considerably depending on whether the
nanowire is in ambient or in vacuum conditions, highlighting the importance
of a high quality factor for improved results. At atmospheric pressures, the
additional dissipation due to the viscosity of the air molecules implies that
more power is required to achieve the same levels of actuation obtained in
vacuum. At low pressure the quality factor of the oscillations is much higher,
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rendering the entire procedure more effective. Starting from a room tem-
perature of 293 K, the lowest single-mode temperature attained is 17.4(2) K.
In air it was only possible to cool down to 49(5) K. It should be noted that,
even under similar pressure conditions, different modes respond to feedback
at different rates and one may be cooled more rapidly than the other. The
degree of influence is determined by the spatial overlap of the modes with
the direction of the bolometric actuation, which does not depend on the
orientation relative to the feedback beam. The reduction in temperature
and thermal fluctuations achieved is sufficient to increase the measurement
sensitivity of the nanowire to impulsive forces [34].
The results of Fig. 9 and 10 are primarily limited by the feedback of
detection noise into the system and efficiency of the overall control loop.
The gain at which the effective temperature corresponds to its minimum
value corresponds to the turning point where the measured spectrum shifts
from cold damping to squashing [55] (see Fig. 7).
5 Discussion and possible improvements
A higher quality factor or a thermal bath at lower temperatures, such as in
cryogenic conditions, could push the minimum temperature attainable by
the feedback to lower limits. Ultimately, however, the results of Fig. 10 are
limited by the feedback of detection noise into the system and the efficiency
of the overall control loop.
Cooling of the mechanical resonator to its lowest energy state is only
possible with feedback when the measurement sensitivity is increased to be
near the standard quantum limit [54, 56]. This can only be achieved by
enhancing the typically weak interaction of the optical field with the me-
chanical mode of interest. For this reason each photon should be contained
within a small volume (V ), for example by having the nanowire interact
with a miniaturized optical resonator. Micro- and nanophotonic structures
are capable of reducing the interaction mode volume to values on the or-
der of λ3 [57, 40]. However, going beyond this regime is not possible with
conventional nanophotonics due to the diffraction limit.
Alternatively, optomechanical interaction can be enhanced using plas-
monic confinement of light. To push the coupling strength beyond what
is achievable by conventional nano-optomechanical systems, one can use
the metallic properties of the nanowire to take advantage of plasmonic reso-
nances, effectively confining the optical mode below the diffraction limit. To
use the plasmon-enhanced absorption to our advantage, the system should
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Figure 10: Proof-of-principle experimental result demonstrating thermal noise
reduction of a nanowire as a function of gain, which is controlled by the power
of the feedback beam. The nanowire used in atmospheric conditions is gold-
coated, ≈ 50 µm in length and ≈ 300 nm in diameter. The nanowire used
in vacuum conditions is the same as Fig. 9. (a–b) Spectrum of the thermal
fluctuations for increasing power, in air (a) and in vacuum (b). The black
mesh lines represent the individual traces, projected onto the bottom face with
a colour corresponding to the peak value of the coldest mode. The detection
noise level is indicated in the colour gradient scale by a grey line. (c–d) Front
view of the spectra in (a–b), colour-coded according to the peak value of the
coldest mode (“II” in air, “III” in vacuum). (e) The temperature of each mode,
calculated according to Eq. 13. The error bars are estimated by propagating
the uncertainty in the Lorentzian fit of the amplitude noise. The solid lines
are theoretical fits assuming a linear relationship between the optical power of
the feedback beam and the overall feedback gain. The resulting conversion
factors between power and gain estimated for the four modes are 0.4µW−1 (I),
1.6 µW−1 (II), 39.3µW−1 (III), and 15.1 µW−1 (IV).
be engineered to favour photothermal interaction over scattering forces. In
this way, it would be possible to achieve coupling strengths orders of mag-
nitude larger than those achieved via radiation pressure forces [58, 59].
The plasmon effect in our system can be quantified by modelling the
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scattering and absorption cross sections of the nanowire defined as σsca =
Psca/Iin and σabs = Pabs/Iin respectively, where Psca and Pabs are the scat-
tered and absorbed power and Iin is the intensity of the incident field. These
cross sections are related to the scattering and absorption efficiencies (cf.
Eq. 7–8) and can be obtained by multiplying the corresponding quantity
by the cross-sectional area of the nanowire. Therefore, in long nanowires
the total value of the cross sections can be represented as a superposition
of cylindrical modes. This decomposition can generally be represented as
σsca/abs = ∑+∞n=−∞ σsca/absn , in which σsca/absn is a single-mode scattering or
absorption cross section (positive and negative order harmonics) and n is the
mode number [41]. In a single nanowire, the mode degeneracy of the positive
and negative orders appears due to the azimuthal symmetry. The spectral
behaviour of every mode is a function of size and material parameters of the
nanowire.
Here we consider the small-size effect in plasmonic materials which may
have dielectric constants quite different from those of bulk materials. Con-
finement of the electrons’ motion in conductive nanowires is more significant
when the diameter is comparable to the mean free path of the electrons in
bulk material, requiring the collision frequency to be modified. This causes
a variation of the nanowire’s conductivity and optical properties due to the
strong influence of the surface. In thinner nanowires, the electrons reach the
surface faster and cause an increase in the scattering rate [60, 61].
To take this size-dependent effect into account, we calculate the correc-
tion to the dielectric permittivity using Drude’s model,
 = ∞ −
ω2p
ω2 + iγω , (15)
where ω = 2pic/λ is the optical angular frequency, ωp and γ are the plasma
angular frequency and the electron collision frequency [62], and ∞ is the
relative permittivity in bulk material at high frequencies, in which case elec-
trons cannot follow the excitation. To consider the small-size effect, we
replace the collision frequency γ with one that accounts for the small di-
mensions of the object, γnw = γbulk + AvF/d, where A = 1, vF is the Fermi
velocity, and d is the characteristic size of the metallic structure (in this case,
the thickness of the plasmonic cell) [60, 61]. To obtain the corrected dielec-
tric permittivity of metals in the nanostructure using experimental data,
first we use the real and imaginary parts of the bulk material’s permittivity
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Figure 11: Calculated scattering and absorption cross sections as a function of
wavelength of the incident light for three nanowires: silver (Ag), silicon (Si, a
non-plasmonic material as reference), and a core/shell Si/Ag structure. The
radius of the silver and the silicon nanowires is, in both cases, 100 nm. The
plasmonic shell of silver, with a thickness of 20 nm, is added to the 100-nm
silicon nanowire to reveal the effects of the plasmonic coating on a dielectric
nanowire. The cross sections, calculated in two-dimensional simulations, are
expressed in unit length of the nanowires and are normalized relative to 2λ/pi.
to achieve exact γbulk and ωp, using Drude’s formula as follows:
γbulk =
ω=()
(∞ −<()) , ω
2
p = ω2
(∞ −<())2 + =()2
∞ −<() . (16)
Then, by calculating γnw and using it in Drude’s model, we recover the value
of  (one also can use the approximation nw = bulk + i[ω2pvF]/[ω3d]). For
longer wavelengths these discrepancies can be reduced by using appropri-
ate values of ∞, γbulk and ωp. Calculated absorption and scattering cross
sections are plotted in Fig. 11 for Ag and Si nanowires as a function of the
wavelength of the incident beam. The parameters used in Drude’s model
for silver are: ∞ = 1, ωp = 2pi × 2.18 PHz, and γ = 2pi × 4.353 THz.
The simulation results show that metallic nanowires or general metal
coated optomechanical structures can be tuned close to their plasmonic
modes by appropriate choice of laser wavelength to obtain a hybrid plasmon-
optomechanical system. In particular, the detection can be improved by
choosing a wavelength favouring scattering over absorption, while the ac-
tuation can be enhanced by choosing a wavelength at which most of the
energy is absorbed rather than dispersed with the scattered field. As shown
in Fig. 11, this complementary response can even be engineered on non-
plasmonic systems, such as silicon nanowires, by introducing an appropri-
ate metal coating. Increased absorption can also be realized by tailoring a
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multi-layered structure on the nanowire [63]. These novel systems offer a
new regime of light-matter interaction, capable of reaching optomechanical
interaction strengths much larger than what is available with the current
systems [58]. Also, the broadband plasmonic interaction is not related to
the enhancement obtained when coupling the oscillator to a nanocavity, and
it can be used to introduce additional Purcell enhancement [64].
There are, however, typically two main difficulties in using conventional
plasmonic systems for quantum experiments: firstly, the plasmonic materials
introduce enhanced incoherent absorption and therefore losses; secondly, the
metallic structures containing highly confined plasmonic modes suffer from
weak coupling to the far field. The loss in plasmonic structures is almost
unavoidable, and it has been theoretically shown that the dispersive coupling
for the lateral motion of the plasmonic structure is negligible compared
to the dissipative coupling [65]. Unconventionally, we propose using the
dissipative coupling which results in localized heating to our advantage, by
engineering a system where photothermal forces are the dominant type of
optomechanical interaction, as described above. On the other hand, the
weak coupling to the far field can be resolved by interfacing the metallic
nanowires with nanophotonic structures [40]. Proper design of the structure
may lead to optomechanical coupling strength as high as 2 THz nm−1 [58].
6 Towards quantum ground state cooling
Indulging in speculation, we regard the possibility of reaching the quan-
tum regime of the modes of a mechanical oscillator by deliberate heating.
A realistic outlook would comprise enhanced interaction and detection ca-
pabilities at the quantum limit. We envision a system where the tip of a
Si nanowire is placed inside the evanescent mode of a nanophotonic cav-
ity confining the probe beam (of wavelength λp ≈ 1000 nm) to amplify the
signal-to-noise ratio of the measurement. In this scheme, the control beam
(of wavelength λc ≈ 300 nm) impinges on a small region of the nanowire
away from the tip where the nanowire is coated with silver. The small in-
teraction volume provided by the nanophotonic structure can reduce the
noise floor of the displacement measurement to sub-fm Hz−1/2 as previously
demonstrated [66]. This is close to the quantum zero-point fluctuations of
the oscillator represented by xZPF =
√
~/ (2mωm), where ~ is the Planck
constant. By additionally choosing the probe and control wavelengths to
respectively coincide with plasmonic resonances for scattering and absorp-
tion, the nanowire position can be measured to its ultimate precision limit
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and its thermal motion can be suppressed with high accuracy to allow, in
principle, cooling of the vibrational modes of a nanomechanical oscillator
near the QGS.
The temperature required to obtain a mean phonon occupation number
nm = (e
~ωm
kBT − 1)−1 less than one, and therefore reach the QGS of the oscil-
lator, is estimated to be about 10µK for a vibrational frequency of 200 kHz.
Taking into account the strong feedback force and a displacement measure-
ment at the quantum limit, an oscillator with a mass of 10 pg and a mod-
erate quality factor of 104 is capable of reaching the vibrational QGS. For
example, starting from a cryogenic temperature of 4 K, a phonon occupation
number of 10 can be obtained with a displacement noise spectral density of
about 0.1 fm Hz−1/2, and less than 1 phonon is obtained at 0.01 fm Hz−1/2.
Nevertheless, one may demand a higher quality factor not only to facilitate
the process but also to improve the coherence of the system. The number
of coherent oscillations before the assimilation of a phonon from the ther-
mal environment is dictated by the product of the quality factor and the
frequency of the oscillation as Q · ωm × ~/ (kBT ) [67, 24]. With a cryogenic
bath and the sub-megahertz frequency considered, a quality factor greater
than 4× 105 is required to maintain the coherence in the system for more
than one oscillation. In this regime, quantum sensing of impulsive external
forces is enabled even at low frequencies.
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